when the deposition of fibrin and platelet aggregates was inhibited with the anti-tissue factor antibody HTFI-7B8 by 100% and 86%, respectively, leukocyte adherence remained unchanged (68 f 6/mm2). This indicated that leukocytes could efficiently adhere to endothelial cells through direct cell-cell contact independent of both thrombin and deposited fibrin. Moreover, this direct adhesion of leukocytes to the endothelial surface was reduced twofold to threefold when fibrin deposition occurred. These data suggest a relationship between endothelial procoagulant and proadhesive properties in that tissue factor-initiated coagulation may contribute to leukocyte adhesion through the formation of an adhesive fibrin/platelet meshwork but concurrently prevents the adhesive endothelial surface to bind leukocytes at its full capacity. Most studies on the biologic activity of tissue factor were conducted under static conditions. However, wall shear forces that prevail under physiologic conditions can strongly influence coag~lation,2~-~~ as well as platelet thrombus f o r m a t i~n~"~ and leukocyte
Only recently was the function of tissue factor in hemostasis studied under flow conditions using subendotheli~m,~' stimulated endothelial cells and their extracellular matrix;"% and purified tissue factor in a flow reactor sy~tem.~'. ~~ We also showed previously that the surface of stimulated endothelial cells elicits a hemostatic response when exposed to flowing nonanticoagulated human blood. 39 In extending these studies, we examined the relationship of endothelial cell surface-expressed tissue factor and the deposition of three main constituents of thrombi, ie, fibrin, platelets, and leukocytes, by using nonanticoagulated human blood at venous flow conditions. Experiments were performed by a parallel plate perfusion chamber developed for studying thrombogenesis ex vivo on collagen-coated surfaces.23 In place of collagen, we used monolayers of TNF-a-stimulated cultured endothelial cells that were exposed to nonanticoagulated human blood at a shear rate of 100 s-', simulating flow conditions in large veins. 40 We found that deposition of fibrin and platelets on the endothelial surface was dependent on tissue factor, which was expressed on the endothelial surface upon TNF-a stimulation. Most of the adherent platelets were in aggregated form and bound to the fibrin layer, indicating a central role of thrombin in this process. The fibrin/platelet meshwork supported leukocyte adhesion, although leukocytes also adhered to the surface ofendothelial cells by a mechanism that was independent of the tissue factor pathway and apparently involved direct cell-cell interaction. Moreover, this adhesion mechanism, probably mediated by endothelial cell adhesion receptors, was significantly inhibited when fibrin deposition occurred, indicating that endothelial procoagulant activity may affect endothelial proadhesive properties.
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Freehold, NJ) according to the method of Jaffe et al ! ' Cells were cultured in gelatine-coated flasks in medium M 199 (Sigma, St Louis, MO) supplemented with 20% newborn calf serum (NCS; GIBCO, Basel, Switzerland), penicillin, streptomycin, glutamine (GIBCO), 50 pg/mL endothelial cell growth factor (ECGF Collaborative Research, Bedford, MA), and 100 pg/mL heparin (Sigma). Confluent cultures acquired the typical cobblestone morphology and examination by immunofluorescence showed that the cells were expressing von Willebrand factor antigen (polyclonal antiserum directed against factor VIII-related antigen; Dakopatts, Glostrup, Denmark).
Monoclonal antibody HTFI-7B8 directed against human tissue factor and that inhibits tissue factor/factor VIIa-induced coagulation was described p r e v i o~s l y .~~
The control antibody was a monoclonal anti-GPIIb antibody (gift from Dr B Steiner, HoffmannLa Roche, Basel, Switzerland). The monoclonal antifibrin antibody was from American Diagnostica (Greenwich, CT). The specificity was verified in an enzyme-linked immunosorbent assay (ELISA) showing that this antibody did not recognize fibrinogen, but reacted strongly with fibrin monomers after fibrinogen was proteolytically cleaved by thrombin.
Perfusion experiments with endothelial cells using nonanticoagulated blood. For perfusion experiments, endothelial cells were grown on gelatine-coated Thermanox plastic coverslips (Miles Lab, Naperville, IL) in 6-well cluster plates (Costar, Cambridge, MA). Confluent cultures were incubated for 4 hours with and without 600 pmol/L TNF-a (Genzyme, Cambridge, MA) in M199 containing 10% NCS, 50 pg/mL ECGF, and 100 pg/mL heparin. After washing with M199-0.25% bovine serum albumin (BSA), the cells were treated for 30 minutes with 5 pg/mL anti-tissue factor antibody HTFI-7B8 or with a control antibody in M199-0.25% BSA. The coverslips were washed with M199-0.25% BSA and positioned in a parallel plate perfusion c h a m b e 3 '~~~ filled with M199 prewarmed at 37°C. Blood was drawn from the antecubital vein of a healthy donor directly into the chamber. The blood flow rate was 10 mL/min, which resulted in a wall shear rate of 100 s-' at the endothelial cell layer on the coverslip. This shear rate reflects flow conditions in veins and favors fibrin-rich clot formation.24 After a 3-minute perfusion period, the coverslips were washed and fixed in the chamber by perfusing with prewarmed M199 for 20 seconds, followed by 2.5% paraformaldehyde in phosphatebuffered saline (PBS) for 40 seconds (for immunochemical staining of fibrin and leukocytes). For morphometrical examinations, the coverslips were fixed for 40 seconds with 2.5% glutaraldehyde in 0.1% cacodylate buffer, pH 7.4, containing 2.5 mmol/L CaC12 and 0.9 mmol/L MgC1,. The coverslips were removed from the chamber and incubated in fresh fixative for an additional 30 minutes and stored in PBS until further processing for morphometrical determinations and microdensitometry.
Morphometrical determination of fibrin, platelet aggregates, and leukocytes on semi-thin sections. The coverslips were embedded in Epon (Fluka Chemie, Buchs, Switzerland). Semi-thin sections perpendicular to the blood flow were prepared as described previo~sly!~ After staining with 0.01% toluidine blue and 0.01% fuchsin, the semithin sections were analyzed for fibrin deposition on the endothelial surface by determining the presence or absence of fibrin at 10 pm intervals along the length of the secti0n.4~ The adhesion of single platelets and platelet aggregates was measured by counting their number along the length (8 mm) of the cross-section. Platelet aggregates were defined as two or more cohesive platelets that were in contact with fibrin, the endothelial surface, and leukocytes. Leukocyte adhesion was separated into two categories: ( I ) leukocytes adhering directly to the endothelial surface in the absence of fibrin and platelets (up to a distance of 5 pm from the endothelial surface) and (2) leukocytes adhering to fibrin and platelets. The total number of leukocytes in each category was counted along the length of the semithin section (8 mm).
Antibodies.
Microdensitometry of immunogold/silver-stained fibrin. The coverslips were incubated for 30 minutes at 37°C with 2.5 pg/mL of monoclonal antifibrin antibody in PBS. The secondary antibody was a 5 nm gold-labeled antimouse antibody (Auro Probe LM; Amersham, Amersham, UK; 1:50 dilution in PBS). After fixation with 2% glutaraldehyde in PBS, the coverslips were washed with H 2 0 and treated for 10 minutes with silver enhancer IntenSE M (Amersham), washed with H20, fixed (Rapidfix; Kodak, Rochester, NY), and air dried.
After embedding in Merckoglass (Merck, Darmstadt, Germany), the relative optical density of the silver-stained fibrin meshwork was measured with a computerized image analysis system consisting of a Zeiss Axiophot microscope equipped with a camera connected to a PC using the MCID program (Imaging Research Inc, Ontario, Canada). The system provided a resolution of 5 12 X 5 12 pixels and 256 grey level numbers. For each coverslip, an individual background level was determined and subtracted from the actual value obtained from two measurements of areas of 1 mm2 in the center of the coverslip.
After blood perfusion, the paraformaldehyde-fixed coverslips were washed with H 2 0 and stained for 2 minutes in contrast solution (Kirkegaard & Perry Labs, Inc, Gaithersburg, MD), washed with isopropyl alcohol, air dried, and embedded in Merckoglass. The leukocyte coverage was averaged from determinations of 6 areas (0.8 X 0.8 mm) located in the center of the coverslip, using a Leitz microscope.
To determine CD 15+ leukocytes (neutrophils and monocytes), the paraformaldehyde-fixed coverslips were washed with Tris-buffered saline (TBS: 50 mmol/L Tris-HC1, pH 7. 
Quantification of leukocytes on "en face" preparations.
For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From 2052 KIRCHHOFER ET AL Determination ofjibrinopeptide A . Fibrinopeptide A levels were measured at the perfusion chamber exit (distal). After flowing through the chamber containing the differently treated endothelial cell monolayers or uncoated plastic coverslips, the blood was collected into a mixture of anticoagulants (32 mg/mL Tris/citrate, 1,000 IU/mL heparin, 1 TIU/mL aprotinine) to prevent further generation of fibrinopeptide A. To mix the flowing blood with the anticoagulants, we used a mixing device consisting of a Plexiglas chamber in which blood and anticoagulants were mixed (101) by a magnetic stirrer. After discarding the first 9 mL, the blood was continuously collected over the whole perfusion period (3 minutes). The flow rate of the blood in the perfusion chamber (10 mL/min) was controlled by a roller pump located distally to the mixing device. The anticoagulant mixture was infused into the mixing device at a flow rate of I mL/ min by a roller pump. The flow conditions and shear rates on the endothelial cells were identical to those described for the perfusion experiments. The fibrinopeptide A concentrations in the collected blood were determined according to the manufacturer's instructions (ELISA FPA; Boehringer Mannheim GmbH, Mannheim, Germany).
RESULTS
Fibrin deposition on endothelial cells. Exposure of TNF-
a-stimulated endothelial cells to nonanticoagulated blood at a shear rate of 100 s-' resulted in the deposition of significant amounts of fibrin on the cell surface as determined by microdensitometry of immunogold/silver-stained fibrin (Fig l ) . Inspection of semi-thin sections demonstrated that the cell layer remained intact under all experimental conditions (Table l), suggesting that the procoagulant activity was cell surface mediated. Unstimulated cells were virtually noncoagulant, as shown by the absence of any detectable fibrin. In accordance, tissue factor was not detectable on the surface of the noncoagulant control cells using immunochemical detection with anti-tissue factor antibody and the biotin-streptavidin system. However, TNF-a treatment timedependently induced surface expression of tissue factor, reaching maximal values after 4 to 5 hours when perfusion experiments were performed (data not shown).
To evaluate the importance of tissue factor for fibrin generation, TNF-a-stimulated cells were treated with the monoclonal anti-tissue factor antibody HTFI-7B8 that inhibits the complex formation with factor VIIa.42 As shown in Fig 1, HTFI-7B8 at 5 pg/mL completely prevented fibrin deposition, whereas incubation with a control antibody had no significant inhibitory effect as compared with TNF-atreated cells (Student's t-test). In a different set ofexperiments, semi-thin sections of the coverslips were morphometrically examined after toluidine blue/fuchsin staining. In agreement with the immunogold/silver-staining method, we found that HTFI-7B8 at 5 pg/mL reduced the fibrin coverage of stimulated endothelial cells from over 63% to less than 1% (Table  1 ). In the presence of control antibody, the fibrin deposited on the cells was not reduced but was even slightly increased, although statistically not significant, as compared with TNFa-stimulated endothelial cells without antibody treatment (Student's t-test). In addition, the levels of fibrinopeptide A were measured in the blood leaving the perfusion chamber that was collected over the whole perfusion period. TNF-a stimulation dramatically increased the fibrinopeptide A levels from 5.0 f 0.2 ng/mL (n mL (n = 9). HTFI-7B8 at 5 pg/mL reduced fibrinopeptide A levels to 16.7 i-6.4 ng/mL (n = 4), whereas the value obtained with the control antibody, ie, 63.3 t 17 ng/mL (n = 3), was similar to the TNF-a value (Student's t-test; not significant from TNF-a value). Perfusion over uncoated plastic coverslips resulted in a fibrinopeptide A level of 5.1 k 0.5 ng/mL (n = 4). Figure 2A shows the appearance of the immunogold/silverstained fibrin network overlaying the monolayer of TNF-astimulated endothelial cells. The shear force strongly affected the structure of the fibrin network in that most of the fibers were aligned along the direction of the blood flow (left to right). Numerous accumulations of fibrin were found throughout the coverslip and were also seen in cross-sections. Figure 2B illustrates the complex cellular interactions within the fibrin network in that platelets interacted with fibrin fibers directly or, in some cases, indirectly via leukocytes. Leukocytes were found to be associated with fibrin ( Fig 2B) or with large platelet aggregates (not shown). In contrast, on HTFI-7B8-treated endothelial cells no fibrin deposition or fibrindependent cell interactions were observed (Fig 2C) .
Platelet deposition was measured by morphometry on toluidine blue/ fuchsin-stained cross-section. The results showed that TNFa activation of endothelial cells increased the number of platelet aggregates per 10 mm cross-section from 4 to more than 70. When cells were pretreated with HTFI-7B8, the deposition of platelet aggregates was inhibited by 86%, whereas a control antibody did not exert this inhibitory effect and even slightly increased the platelet deposition (Table 1) . On TNF-a-and control antibody-treated endothelial cells, about 90% of the platelet aggregates were attached to the fibrin layer and about 10% to the cell surface, but on nonstimulated and HTFI-7B8-treated endothelial cells, all platelet aggregates were surface associated (data not shown). Furthermore, under all experimental conditions only a few single platelets were detected. The apparent correlation between fibrin and platelet deposition might explain the increased platelet deposition in the presence of control antibody because determinations on the same coverslips also showed a slight increase in fibrin deposition ( Table 1) .
The role of the fibrin layer and the endothelial surface in leukocyte adhesion was examined using anti-tissue factor antibody HTFI-7B8 as a tool to differentiate between leukocyte adhesion in the absence and presence of cell-bound fibrin. The total number of adherent leukocytes was determined in a defined area of the endothelial cell layer in the center of the coverslip. Figure   3 shows that 68 k 6 leukocytes/mm2 adhered to TNF-astimulated cells that were treated with HTFI-7B8 antibody to prevent fibrin deposition. We expected that the deposition of fibrin on the endothelial surface would provide an additional adhesive surface resulting in an increased number of adhering leukocytes. However, the number of leukocytes was about the same (53 ? 6/mm2). In contrast, only 6 ? 1 leukocytes/mm2 adhered to nonstimulated endothelial cells. Further examination on semi-thin sections showed that leukocytes adhering to TNF-a-stimulated endothelial cells incubated with HTFI-7B8 interacted with the endothelial cells through direct cell-cell contact (Table 2 ). Figure 2C exemplifies the apparently direct leukocyte-endothelial cell interaction and additionally shows that some leukocytes were al-
Deposition of platelets on endothelial cells. Leukocyte adhesion to endothelial cells.
ready in the process of spreading and transmigration. In contrast, only about 56% of all leukocytes found on TNFa-stimulated endothelial cells were adhering through direct cell-cell contact (Table 2) . A significant portion of leukocytes indirectly bound to the endothelial cell layer by adhering to deposited fibrin or platelet aggregates ( Table 2) . Thus, the adhesion of leukocytes to stimulated endothelial cells through cell-cell interaction was significantly less in the presence of deposited fibrin (10 per 10 mm cross-section) as compared with when fibrin was absent (26 per 10 mm cross-section). The few leukocytes that adhered to nonstimulated endothelial cells all appeared to be in direct cell-cell contact (Table 2) .
To show that the leukocytes were strongly and irreversibly attached to the endothelial cells, the washing period after blood perfusion was extended from 20 to 60 seconds at the same flow rate (10 mL/min). Under these conditions, about 54 leukocytes/mm2 (n = 3) adhered to stimulated and HTFI-7B8-treated (40 pg/mL) endothelial cells, suggesting that the leukocytes specifically attached to the endothelial cell layer.
Furthermore, leukocytes expressing the neutrophil/monocyte surface marker CD 15 were detected by immunochemical staining using an anti-CD 15 antibody. The number of CD 15+ leukocytes per mm2 were 4.4 k 2.5 (n = 6), 43.8 f 9.8 (n = 7), and 59.7 f 5.5 (n = 5) on nonstimulated endothelial cells, TNF-a-stimulated cells, and TNF-a-stimulated cells incubated with HTFI-7B8, respectively. Figure 4 illustrates the adhesion of CD15+ leukocytes to endothelial cells under different experimental conditions. Whereas leukocyte adhesion to nonstimulated endothelial cells was virtually absent, CD 1 5+ leukocytes avidly adhered to stimulated endothelial cells. A significant proportion of the CD15' leukocytes was contained in the thrombi, as depicted in Fig 4B. 
DISCUSSION
This study shows that under venous blood flow conditions the expression of tissue factor on the endothelial cell surface induced the deposition of fibrin and platelet aggregates. In addition, the platelet-containing fibrin layer supported leukocyte adhesion. Independent of tissue factor-initiated coagulation, leukocytes also adhered to the stimulated endothelial cells by direct cell-cell interaction. Inhibition studies with an anti-tissue factor antibody showed that this cell-cell interaction mechanism was significantly inhibited when tissue factor-mediated fibrin and platelet deposition occurred, indicating that endothelial procoagulant and proadhesive activities may be linked functionally.
For 
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The experimental design allowed us to measure the endothelial procoagulant response to its full extent because no anticoagulants were present. We found that TNF-a treatment resulted in the deposition of polymerized fibrin, which covered 63% of the endothelial cell surface after 3 minutes of perfusion. Thrombin generation that might have occurred during the passage of the blood from the donor vein to the endothelial cells in the chamber was insignificant as neither control cells nor uncoated plastic coverslips (data not shown) showed any detectable fibrin deposition. In accordance, fibrinopeptide A levels were low for both experimental conditions (5 ng/mL). To demonstrate the importance of tissue factor in endothelial cell-mediated coagulation, the activity of tissue factor was blocked by the anti-tissue factor antibody HTFI-7B8, which inhibits the assembly of the tissue factor/ factor VIIa complex. 42 We found that this antibody completely eliminated TNF-a-induced fibrin deposition on the endothelial cell layer and reduced the fibrinopeptide A levels of TNF-a-stimulated cells by about 80%. These results suggested that tissue factor is absolutely essential for the endothelial cell procoagulant response. It was shown that the extracellular matrix of TNF-a-stimulated endothelial cells contains tissue factor and is p r o c o a g~l a n t .~~-~~.~~ Ho wever, under our experimental conditions, tissue factor-mediated fibrin deposition occurred on the endothelial surface, as shown by the cell surface location of deposited fibrin on stained cross-sections and by the maintained integrity of the cell monolayer during the perfusion process. Furthermore, TNF-a stimulation also resulted in the deposition of numerous platelet aggregates on the fibrin layer, which indicated that platelet activation had occurred. In contrast, inhibition of tissue factor activity with HTFI-7B8 antibody resulted in a dramatic reduction of deposited platelet aggregates. These results indicated that tissue factor-dependent formation of thrombin, which can activate platelets as well as induce fibrin deposition, is important for the adhesion of platelets to TNFa-stimulated endothelial cells. To further support this conclusion, about 90% of the platelet aggregates bound to fibrin and only a few nonaggregated single platelets were detected on stimulated endothelial cells. In agreement, Hantgan et a145 demonstrated that under similar low shear conditions platelets can adhere to polymerized fibrin, but only when they are activated. Moreover, by providing binding sites for coagulation f a~t o r s ?~,~~ the adherent platelets might have further enhanced thrombin generation and subsequent fibrin dep~sition.",~~ Analysis of the different adhesion mechanisms on semithin sections showed that on stimulated endothelial cells about 44% of the leukocytes bound to deposited fibrin and platelets. This is in accordance with the ascribed role of fibrin as an adhesive substrate for leukocyte^^*-^^ and with the reported receptor-mediated binding of neutrophils and monocytes to activated platelet^.^',^^ The results also agree well with earlier findings showing that the number of adherent leukocytes increased with increasing fibrin coverage in the same perfusion model, except that collagen was used as a thrombogenic surface. 23 The number of leukocytes (53/mm2) adhering to stimulated endothelial cells was the sum of leukocytes indirectly adhering to the endothelial surface via fibrin or platelets and directly adhering through cell-cell contact. Therefore, it was surprising to find that a similar number of leukocytes (68/ mm2) adhered to stimulated endothelial cells when thrombi and fibrin coverage were virtually absent due to inhibition of tissue factor activity by HTFI-7B8. This suggested that leukocytes can also use an adhesion mechanism that was neither dependent on the tissue factor-initiated deposition of a fibrin layer or the generation of thrombin on the endothelial surface. However, on TNF-a-stimulated endothelial cells, thrombin might have contributed to leukocyte adhesion by stimulating endothelial cells to release soluble leukocyte activatorslg or by inducing endothelial cells and fibrin-bound platelets to express the monocyte/neutrophil receptor P-selectin (GMP-1 40),2'354-57 or by directly affecting leukocytes.20 For personal use only. on November 11, 2017 . by guest www.bloodjournal.org From As shown on semi-thin sections, the interaction ofleukocytes with HTFl-7B8-treated endothelial cells apparently occurred through direct cell-cell contact most likely involving some of the recently described endothelial cell adhesion molecules,5" which are upregulated by TNF-a.
Immunochemical staining showed that most of the leukocytes that adhered to the endothelial cells were CD15+,
indicative of the presence of neutrophils and/or monocytes, which is in agreement with the reported increase in neutrophil adhesion to cytokine-stimulated endothelium under static and flow condition^?^*^^^^^^ This presumed adhesion recep tor-mediated leukocyte adhesion was strongly influenced by the tissue factor-controlled procoagulant activity of endothelial cells, as suggested by the twofold to threefold reduced leukocyte adhesion in the presence of fibrin (Table 2 ). It remains unclear how fibrin deposition influenced the leukocyteendothelium interaction, but it is possible that the rapid fibrin deposition on the endothelial cell layer simply reduced the access of leukocytes to the endothelial surface, thereby limiting surface-mediated leukocyte adhesion.
In this report, we demonstrated that inhibition of endothelial tissue factor activity dramatically reduced fibrin and platelet deposition in an ex vivo flow system with human nonanticoagulated blood. This agrees well with studies of animal models of disseminated intravascular coagulation showing that fibrin formation could be inhibited by administering anti-tissue factor antibodies.61,62 Furthermore, our results suggested that whereas tissue factor-initiated generation of thrombin on TNF-a-stimulated endothelial cells was important for the deposition of fibrin and platelets, it was not a prerequisite for leukocyte adhesion to the endothelial cell surface. Therefore, TNF-a stimulation resulted in a persisting leukocyte adhesion despite prevention of endothelial cell procoagulant activity. Likewise, in a rabbit venous thrombosis model, leukocyte adhesion to endothelium continued after fibrin formation was inhibited by administering heparin as an anti~oagulant.~~ The results further showed that this presumable cell surface receptor-mediated leukocyte adhesion was not operative at its full capacity when fibrin deposition occurred. This indicated that under venous flow conditions the TNF-a-induced adhesive properties of the endothelial surface can be influenced by tissue factor-dependent coagulation. 
